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Abstract 
Train service network is a network which is constructed according to a set of train service plan. To optimize the train service plan, 
especially in the case of emergency, this paper convert the train service plan into train service network. Then, a model to 
optimize the train service network is built, taking the total travel time of all the passengers on the railway network as the 
optimizing goal. An approach to solve the problem of train service network optimization is given. The computing case proves the 
efficiency of the method propose in this paper. This method can generate valuable supporting information for the railway 
managers. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Department of Transportation Engineering, Beijing Institute of Technology. 
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1. Introduction 
Complex network theories are more and more used to study the train service network. Such study began with the 
complex characteristics analysis of the complex networks in the field of railway study, such as the fractal dimension, 
average distance and average clustering coefficients. The destination is to analyze the properties of the virtual 
network on railway operation. Benguigui and Daoud [2] focused on the  fractal  characters of the suburban railway 
system. Latora and Marchiori [6] studied the problem if the Boston(American) subway network is a small-world 
network. Sen et al. analyzed the India train service network and found that it was a small-world network [12]. 
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Katherine and Lisa [5] studied proved the railway lines of Vienna (American) and Boston (American) was a small-
world network. Zhao et al. [17]studied the railway passenger service network based on the service plan of Chinese 
railway of 2005, and they found that the network was a small-world network with the average path length 3.27 and 
average clustering coefficient 0.83.  
And the optimization of the complex network has attracted the attention of the researchers. Sanchez  and 
Rodriguez [11]proposed a control strategy based on the inverse optimal control approach is applied for pinning 
weighted complex networks with chaotic systems at their nodes.Shanmugasundarama et al.[14] studied the decision 
support system to generate the most efficient mode of water delivery in south east Queensland of Australia, taking 
into account the operating costs of the various assets within the complex water supply network.Chen et al. [4] 
presented an optimal routing strategy to enhance the traffic capacity of complex networks, by redistributing traffic 
load from nodes with large betweenness centrality to nodes with small betweenness centrality.Todinov [15]proposed 
a framework for analysis and optimization of repairable flow networks.Serrour et al.[13] proposed the study of the 
modular structure of networks considering triangles as the building blocks of modules,which generalized the 
standard modularity and used spectral optimization to find its maximum.Ash and Newth [1] used an evolutionary 
algorithm to evolve complex networks that were resilient to cascading failure and analyzed the networks for 
topological regularities that explained the source of such resilience.Chen et al.[3] discovered an important 
conclusion for two cross-immunity epidemics on a network of population. Yang and Tang [16] identified a directed 
complex network with optimal controllability, for which pinning control was to be applied.  
We have done much study on train service network, such as characteristics analysis [8], vulnerability analysis [7], 
controllability analysis [10] and comprehensive evaluation [14]. We have already found that the railway service 
network in China had power law degree distribution character and analyzed the dynamic properties [8]. We analyzed 
the efficiency of the train service network under the condition of intentional attack and random breakdown 
respectively to study the vulnerability of the network and concluded that the network was vulnerable under 
intentional attack while it had a strong resistance to the random breakdown [7]. We also constructed a complex 
network model to analyze the controllability of the train service network [10]. Since it is a complex network, we 
defined the indices to evaluate the train service network based on the complex network indices [9].  
In the following study, we find that there are still two important problems to solve. One is how to optimize the 
train service network with the developing complex theories, especially in emergency. Another is how to turn the 
train service network into a high quality train service plan.  
In this paper, we build a model for optimizing the train service plan with complex network theory. This paper is 
structured as follows. Section 1 is the introduction of the train service plan optimization problem. Section 2 presents 
the method to construct the train service network. In Section 3, a train service network optimization model is built. 
Section 4 gives the computing case and analyzes the computing results. Section 5 draws a conclusion. 
2. Train service network construction 
The train service plan determines the origin stations and destination stations of the trains, the paths of the trains, 
the stops along the railway, the vehicle types and, etc. The paths of the trains and the stops are the key factors of the 
service plan, which decides the service quality provided to the public. So it is essential to evaluate the quality of the 
service plan. The service plan can be transferred into as a complex network [7-10,16]. 
We take all the stations as nodes of the network. Then the edges will be added on the network one by one 
according to the rules in Ref. [7-10,16]. If a train passes two stations and stops at the two stations, an edge will be 
added to the network. If the number of edges between two nodes is greater than 1, then we only draw one edge 
between the two stations and mark the number of the edges as the weight. Thus, a complex network will be 
constructed when all the trains are processed. The network is a mapping of the service plan, which can represent the 
service plan. Herewe present a sample to construct the train service network. 
The method to construct the train service network is given in detail in our papers [8,9], which we will not 
introduce in this paper. 
611 Xuelei Meng et al. /  Procedia Engineering  137 ( 2016 )  609 – 619 
3. Train service network optimization model and solving method
To build the train service network model, we should define the optimization goals and the constraints. 
3.1. Objectives of the train network optimization model
We optimize the train service network on the viewpoint of the global optimal. We care about the total consumed 
time of all the passengers travelling on the network. The consumed time of a passenger includes the time spent on 
the train and the transferring time at the station. Obviously, it equals to the time spent on the train if the passenger 
arrives at its destination without transferring. So for a single passenger, he expects that the train will reach the 
destination directly, with as fewer stops as possible. It will lead to the minimum travel time for him. 
However, the other passengers needing to transfer conveniently if the train has less stops. Then it will require the 
railway operation bureau add more trains to meet the passengers’ need which will cost more. Or, the other 
passengers have to wait for more time to take the train which has the right stop for transferring. Or, the passengers 
have to transfer for more times to get to their destinations. 
The trains have as many as possible stops. The direct passengers have to spend more time on the trains, for each 
stop will lengthen the travel time, adding the additional time for train stopping and starting. But such measure will 
reduce the total transferring times for all the passengers, which will be beneficial to reduce the total travel time of all 
the passengers. 
The trains have as few as possible stops. The direct passengers will reduce the time spent on the trains. The 
passengers who need to transfer will transfer more times, which will cost more time.  
We must find an optimal point which balances the extreme situation to control the total consumed time of all the 
passengers. Thus, we define the optimization goal as the total consumed time of all the passengers.  
total train transfert t t  (1)
where traint  is the total spent time traveling on the trains of all the passengers, and transfert  is the total time spent 
on transferring at stations of all the passengers.  
traint can be calculated out with the passenger number and the trains degrees directly. transfert  is related to the 
transferring times on the travel. The path length in the train service network is the number of the edges between a 
pair of nodes. So the transferring times equals to the number that path length minus 1. If the path length between a 
pair of nodes is 1, it means that a passenger can travel between the two stations without transferring.  
The objective is to reduce the total traveling time of all the passengers from the viewpoint of a railway operator, 
not of a specified passenger. For the passengers, there are two kinds of trains. One can take them to their destinations 
without transfer, the other cannot. It is taken for granted that the passengers must choose the trains taking them to 
destination without transfer if there exists such kinds of trains. 
Then we design the total cost time of all the passengers on the railway line, which is named K. 
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where  
,i jU  a flag variable. If  ,i jU  is 1, it means that  there is a train stopping at both station i and station j, which 
allows a passenger start from station i to go to station j without transferring; Otherwise, it is 0.  
,i jV also is a flag 
variable. If 
, 1i jV  means that the passenger must transfer if he wants to go to station j from station i. 
,i jQ is volume of the OD passenger flow from Station i to Staion j. 
,i jT is the running time of the trains from Station i to Staion j. 
,i jw is the value of the weight of edge from Station i to Staion j. 
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l is the number of the kinds of trains having different stops, 
m is the number of the trains which at the front of the transferring station, 
n is the number of the trains which at the back of the transferring station, 
x is the index of the transferring station and xt  is the consumed time at the transferring station. 
3.2. Constraints of the train network optimization model
There are two constraints in this model. Whether there is a train a passenger can choose to go to station j from 
station to i ? There are two possible answers. If the answer is YES, then
, 1i jU    , , 0i jV  . And if the answer is NO, 
then 
, 0i jU   , , 1i jV  . So a constraint is 
, , 1i j i jU V  (3)
The second constraint is the railway capacity constraint. The number of trains we set on a railway section can not 
bigger than the capacity of the section. ,i jS  stands for the section which takes station i and station j as the two ends. 
Set ,i jN  to be the number of the trains going through section ,i jS . ,i jC  is the capacity of section ,i jS . The second 
constraint is as follows.  
, ,i j i jN Cd    (4)
3.3. Steps to solve the model 
The steps to optimize the train service network are as follows. 
Step 1: To construct the train service network with the original train service network. 
Step 2: To analyze the effect of emergency on the train service network. 
Step 3: To optimize the train service network based on the object of reducing the total travel time of all the 
passengers. 
Step 4: To check if the constrains are satisfied. If yes, to end the optimization process. If no, to go to Step 3. 
4. Computing case and results analysis 
4.1. Two railway lines and train service plan 
We select the data of the most important high speed railways in China as the base of the computing case, Beijing-
Shanghai high speed railway and Shanghai-Hanzhou high speed railway. To simplify the station name, we give the 
abbreviations for all of the stations In Table 1. 
There are 23 stations on Beijing-Shanghai high speed railway and there are 35 trains running on it. There are 9 
stations on Shanghai-Hangzhou high speed railway and there are 49 trains running on it. The service plan is shown 
in Fig.1 and Fig.2.  
4.2. The changed service network in emergency 
We take it for granted that the snowstorm disable all the stations at the north of Nanjingnan station on Beijing-
Shanghai high speed railway. 
We can see that there are 7 stations on the railway network and Shanghaihongqiao is the transferring station. The 
passengers on Beijing-Shanghai high speed railway must transfer at Shanghaihongqiao station. There are 35 trains 
on Beijing-Shanghai high speed railway and there are 49 trains on Shanghai-Hangzhou high speed railway. We first 
calculte the indices of the train service network. The path lengths of the train service network are listed in Table 2. 
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Table 1. Abbreviations for all of the stations in the computing case 
Station name Abbreviation Station name Abbreviation 
Beijingnan BJN Zhenjiangnan ZJN 
Langfang LF Danyangbei DYB 
Tianjinnan TJN Changzhoubei CZB 
Cangzhouxi CZX Wuxidong WXD 
Dezhoudong DZD Suzhoubei SZB 
Jinanxi JNX Kunshannan KSN 
Tai’an TA Shanghaihongqiao SHHQ 
Qufudong QFD Songjiangnan SJN 
Tengzhoudong TZD Jinshanbei JSB 
Zaozhuang ZZ Jiashannan JSN 
Xuzhoudong XZD Jiaxingnan JXN 
Suzhoudong SZD Tongxiang TX 
Bengbunan BBN Hainingxi HNX 
Dingyuan DY Yuhang YH 
Chouzhou CZ Hangzhoudong HZD 
Nanjingnan NJN   
 
Fig. 1 Service plan of Beijing-Shanghai high speed railway 
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Fig. 2 Service plan of Shanghai-Hangzhou high speed railway 
(1) The path lengths 
Table 2. The path lengths of the changed train service network 
 NJN WXD SZB SHHQ JXN TX HZD 
NJN  1 1 1 2 2 2 
WXD   1 1 2 2 2 
SZB    1 2 2 2 
SHHQ     1 1 1 
JXN      1 1 
TX       1 
HZD        
 
(2) The passenger flow volume 
The passenger OD on the train service network is shown in Table 3.  
(3) The running time 
The running times between the stations are shown in Table 4.  
(4) The transferring time 
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We take it for granted that the transferring time at Shanghaihongqiao station is 30 minutes.  
Table 3. The passenger OD on the changed service network (Measurement Unit: kilo-persons ) 
 NJN WXD SZB SHHQ JXN TX HZD 
NJN  1260   1430    5860  2180  1470 3570 
WXD      540    2210  1580 630 2260 
SZB      2520  1980 990 2700 
SHHQ     3780 2080 7940 
JXN      1350 6620 
TX       2520 
HZD        
Table 4. The running time between the stations (Measurement Unit: minutes ) 
 NJN WXD SZB SHHQ JXN TX HZD 
NJN  65    89    128  195  208 233 
WXD      24     63  90 103 128 
SZB       39  66 79 104 
SHHQ     27 40 65 
JXN      13 38 
TX       25 
HZD        
 
(5) Weights of the edges of the changed train service network 
We can see from Table 5 that the weights of the edges between the stations on Beijing-Shanghai and that on 
Shanghai-Hangzhou are smaller than that of others. It is because that the trains that not only operate on Beijing-
Shanghai but also operate on Shanghai-Hangzhou are few.  
Table 5. Weights of the edges of the changed train service network 
 NJN WXD SZB SHHQ JXN TX HZD 
NJN  12 18 36 1 1 2 
WXD   4 12 0 0 0 
SZB    18 0 1 1 
SHHQ     37 19 51 
JXN      10 37 
TX       19 
HZD        
  
(6) The total weighted travel time of the passengers  
Because that the stations at the north of Nanjingnan station are all disabled, the total travel time on Beijing-
Shanghai high speed railway consists of the travel time consumed at the south of Nanjingnan station. We calculate 
the travel time consumed from Nanjingnan to Shanghaihongqiao according to Equation (2).  
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Then the travel time of the others travelling plan can be calculated in the same manner according to Equation (2). 
The travel time is listed in Table 6.  
Table 6. The detailed data of original travel time on Beijing-Shanghai railway line 
Travelling plan Sign Travel time(Measurement Unit: minutes ) 
NJN-SHHQ 
1K  12501 
NJN-WXD-SHHQ 
2K 6383 
NJN-SZB-SHHQ 3K 5316 
NJN-WXD-SZB-SHHQ 
4K 5328 
NJN-SHHQ-JXN-HZD 
5K 18344 
NJN-SZB-SHHQ-TX-HZD 6K 8700 
1 2 3 4 5 6
12501 6383 5316 5328 18344 8700 56572
Beijing ShanghaiK K K K K K K      
       
Likewise, we calculate the travel time on Shanghai-Hangzhou high speed railway. The detailed data is listed in 
Table 7.  
Table 7. The detailed data of original travel time on Shanghai-Hangzhou railway line 
Travelling plan Sign Travel time(Measurement Unit: minutes )
SHHQ-HZD 
7K 7227 
SHHQ-JXN-HZD 
8K 5813 
SHHQ-TX-HZD 9K 3354 
SHHQ-JXN-TX-HZD 
10K 3678 
7 8 9 10
7227 5813 3354 3678 20072
Shanghai HangzhouK K K K K    
     
76644Sum Beijing Shanghai Shanghai HangzhouK K K    
The weighted total travel time is 76644 minutes, 1277.4 hours.  
4.3. The optimizaed total travel time 
We can see that the total consumed traveling time on Beijing-Shanghai high speed railway is more than that on 
Shanghai-Hangzhou high speed railway. And the traveling time of the direct train is more than that of the train with 
many stops.  
According to the train service network optimization model and solving method proposed in Section 3, the 
optimized plan is calculated out as follows. 
(1) Delete the 5 trains from Nanjingnan to Shanghaihongqiao; 
(2) Delete the 10 trains from Shanghaihongqiao to Hangzhoudong with the stop at Jiaxingnan; 
(3) Add 5 trains from Nanjingnan to Shanghaihongqiao with the stop at Jiaxingnan 
(4) Add 10 trains from Shanghaihongqiao to Hangzhoudong with two stops Jiaxingnan and Tongxiang. 
 The weights of the train service network is shown in Table 8.  
The real numbers of the trains are as follows.  
x NanjingnanĺShanghaihongqiao: 5 trains. 
x NanjingnanĺWuxidongĺShanghaihongqiao: 9 trains. 
x NanjingnanĺSuzhoubeiĺShanghaihongqiao: 19 trains. 
x NanjingnanĺWuxidongĺSuzhoubeiĺShanghaihongqiao: 5 trains. 
x NanjingnanĺShanghaihongqiaoĺJiaxingnanĺHangzhoudong: 1 train. 
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x NanjingnanĺSuzhoubeiĺShanghaihongqiaoĺTongxiangĺHangzhoudong: 1 train.. 
x ShanghaihongqiaoĺHangzhoudong: 5 trains. 
x ShanghaihongqiaoĺJiaxingnanĺHangzhoudong: 16 trains. 
x ShanghaihongqiaoĺTongxiangĺHangzhoudong: 8 trains. 
x ShanghaihongqiaoĺJiaxingnanĺTongxiangĺHangzhoudong: 20 trains. 
Then the optimized train service plan is shown in Fig. 3. 
Table 8. Weights of the edges of train service network in the computing case 
 NJN WXD SZB SHHQ JXN TX HZD 
NJN  12 23 36 1 1 2 
WXD   4 12 0 0 0 
SZB    23 0 1 1 
SHHQ     37 29 51 
JXN      20 37 
TX       29 
HZD        
 
 
Fig. 3 The optimized train service plan 
The travel time of the passengers on the train service network is then changed because the optimizing methods. 
We calculate the travel time to compare the changed service network and the original train service network.  
Table 9. The detailed data of optimized travel time on Beijing-Shanghai railway line 
Travelling plan Sign Travel time(Measurement Unit: minutes ) 
NJN-SHHQ 1K  12501 
NJN-WXD-SHHQ 2K 6383 
NJN-SZB-SHHQ 3K 4703 
NJN-WXD-SZB-SHHQ 4K 5061 
NJN-SHHQ-JXN-HZD 5K 18344 
NJN-SZB-SHHQ-TX-HZD 6K 7448 
Table 10. The detailed data of optimized travel time on Shanghai-Hangzhou railway line 
Travelling plan Sign Travel time(Measurement Unit: minutes )
SHHQ-HZD 
7K  7227 
SHHQ-JXN-HZD 
8K  5813 
SHHQ-TX-HZD 9K  2715 
SHHQ-JXN-TX-HZD 
10K 3240 
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The optimized total travel time is  
12501 6383 4703 5061 18344 7448
           7227 5813 2715 3240 73435
SumK      
     
To sum up, the total  is 3209 minutes shorter than the original weighted total travel time. The case shows that the 
train service network optimization model is effective and the solving method is efficient. 
4.4. Computing results asnalysis 
(1) Data characteristics 
The most prominent characteristics is that the stations (29 stations) and the trains (166 stations) are in great 
number. Some of the trains may be maintained when an emergency occurs and the service plan can be adjusted to 
transport the passengers rapidly. 
(2)About the travel time 
The travel time spent on the through trains is longer than that spent on other trains. The fact is different from the 
general understanding, which is the more directly the passengers arrive at their destinations, the less time they will 
spend. It is because that the great number of the passengers who have the travel requirements that they start from the 
original station of the railway and want to go to the destination of the railway.  
 (3) The optimizing idea 
We can see from the analysis above that the optimizing method is to adjust the train number. The approach is to 
reduce the train number of the service plan with the bigger K. In this case,  K1 and K7 mathc the condition and 
become the treatment goals. In the condition that the number of the EMU is not changed, the number of the through 
trains is reduced. Then then the other kind of trains must be added. To keep the balance of all kinds of trains, the 
plan with less K is selected.  
And the weights of the train service network are raised because that more stops are added when adding the other 
kind of trains. It means that the passengers will have more choices when taking trains, which will reduce their travel 
time. 
Conclusion 
The train service plan can be turned into train service network. We can optimize the train service plan through 
optimizing the train service network, especially in emergency. The total travel time of all the passengers on the 
railway can be efficiently reduced through adjusting the origins , destinations and number of the trains. The capacity 
of the railway line is the most important constraint when analyzing the problem and solving it. The further study is to 
convert a train service network into a train service plan. It is also a hard problem because a train service network can 
be turned into many train service plans and it is very difficult to tell how to get the optimal one, which we called 
train service network mapping. It is a part of the train service optimization problem, which includes train service 
network construction, vulnerability analysis, controllability analysis, train service network optimization and train 
service network mapping. 
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